Abstract This work is the continuation of a systematic study on the characterization of the Lu-added Y123 bulk superconducting materials prepared by the nitrate compounds and derivatives at 970°C for 20 h. In this part, the effect of Lu inclusions on the physical and mechanical properties of the Y123 superconductors is examined with the aid of microhardness measurements performed at various applied loads in the range of 0.245-2.940 N. The microhardness measurement results allow us to determine the important mechanical characteristics such as Vickers microhardness, elastic (Young's) modulus, yield strength and fracture toughness values being responsible for the potential industrial applications. It is found that all the properties given above are strongly dependent upon the Lu concentration in the Y123 matrix. Especially, Vickers microhardness (H v ) values of the samples studied in this work are found to suppressed considerably with the enhancement of the Lu addition in the system due to the degradation in the connectivity between superconducting grains. Moreover, the H v values of the pure Y123 sample are observed to increase with increasing the applied load whereas those of the Lu-doped superconducting materials are obtained to decrease with the load. In other words, the pure sample exhibits the reverse indentation size effect (RISE) behavior while the others obey the indentation size effect (ISE) feature, confirming the degradation in the mechanical properties with the Lu inclusions in the Y123 matrix. In addition, the microhardness measurement results are estimated using the 5 different models such as Meyer's law, proportional sample resistance model, elastic/plastic deformation model, Hays-Kendall (HK) approach and indentation-induced cracking (IIC) model. According to the results obtained from the simulations, of the mechanical analysis models, the Hays-Kendall (HK) approach is determined as the most successful model for the description of the mechanical properties of the Lu-doped superconducting materials (exhibiting the ISE behavior) where both the both the reversible (elastic) and irreversible (plastic) deformations are produced. On the other hand, the IIC model is found to be superior to other approaches for the pure sample (presenting the RISE feature) where the irreversible deformation becomes more and more dominant compared to the reversible deformation.
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carrying capacity, optical and electronic properties [5] [6] [7] [8] [9] . Further, the simple chemical composition, easy availability of the starting powders, low material cost, simplicity of the synthesis procedure, high T c value, low resistivity near T c and nontoxity characteristics (compared to Tl and Hgbased superconductors) allow the Y123 material was used in the practical applications [10] [11] [12] . Nevertheless, due to the inherent brittle structure of the ceramic material, the surface of the Y123 sample is vulnerable to excessive stress, leading to a factor restricting high stress mechanical applications.
It is well known that the microhardness of a solid depends on the applied load [13] [14] [15] . This phenomenon is known as indentation size effect (ISE) behavior, explaining the decrement in the hardness with the enhancement of the applied load. This behavior may stem from several factors such as temperature, elastic and plastic deformations, indentation size, friction of the indenter and level of cracks/ voids [16] [17] [18] [19] [20] [21] [22] . The opposite term of ISE is called as reverse ISE (RISE) behavior, being described by the increment in the microhardness value with the applied load. In this present study, we explore the effect of the Lu inclusions in the Y123 matrix on the mechanical properties with the aid of the microhardness measurements. Moreover, Vickers microhardness, elastic (Young's) modulus, yield strength and fracture toughness values are estimated from the microhardness curves. It is observed that the properties given above depend on sensitively on the Lu concentration and applied load. The results of the microhardness measurements are examined by 5 different available models such as Meyer's law, proportional sample resistance, elastic/plastic deformation, Hays-Kendall and indentationinduced cracking (IIC) model. According to the findings obtained, the HK approach, among the models studied in this work, is found to be the best model describing the microhardness of the Lu-doped Y123 bulk superconductors exhibiting the ISE behavior whereas the IIC model is noted to be superior to other approaches for the pure sample presenting the RISE feature.
Experimental details
In previous works [23, 24] , we reported the change of the microstructural and superconducting properties of Lu-doped Y123 superconducting samples with the aid of X-ray diffraction analysis, scanning electron microscopy, electron dispersive X-ray, electrical resistivity and transport critical current density measurements as well as examining the flux pinning mechanism properties in the applied magnetic fields range of 0-6 kG. In the present work, using the same samples, the role of Lu inclusions in the Y123 matrix on mechanical properties is explored by 
Results and discussion

Microhardness and modeling
As well known the measurement of the hardness is the most general experiment to analyze the mechanical properties of a material as a result of the simple measurement system and less damage to the specimen surface. Other important advantage of the hardness measurement enables us to obtain the other mechanical properties such as elastic modulus, yield strength, brightness index and fracture toughness. Moreover, the hardness being named as resistance towards to the plastic deformation, slipping and friction is a measurement method. The value of the hardness measurements performed at the laboratory by means of the specific tools is the resistance against the plastic (irreversible) deformation. In other words, the hardness is to measure the resistance appeared in the material due to the immersion of the rigid (diamond) indenter on the specimen surface. The selected indenter leaves a trace as immersed on specimen surface. In general terms, the hardness of the material is inversely proportional to the size of indentation. In this study, the load in range from 0.245 to 2.940 N for a loading time of 10 s is applied on the Lu doped-Y123 superconducting samples. After the indenter is removed from the sample surface, the indentation diagonal sizes are determined and the Vickers microhardness values are calculated from Eq. 1.
where F denotes the applied load, and d is the average of the indentation diagonal sizes (d 1 ? d 2 )/2. Depending on the microhardness, the elastic modulus, yield strength and fracture toughness values are derived by the relations given below:
The load dependent microhardness (H v ), elastic modulus (E), yield strength (Y) and fracture toughness (K IC ) values for the samples are depicted in Table 1 . It is apparent from the table that the Vickers microhardness values increase with the enhancement of the applied load whereas for the Lu-doped bulk Y123 superconducting materials the hardness values reduce with the applied load. According to results obtained, RISE behavior is more dominant in the pure sample while ISE behavior starts to be dominant with the presence of the Lu inclusions in the Y123 matrix. The decrement in the hardness value of the materials exhibiting the ISE behavior with the addition level and applied load is related to the grain boundary weak-links and impurity phases. Additionally, elastic modulus stems from the change of the material shape under the applied load. Table 1 depicts the decrement in the elastic modulus with the addition, which is the expectation state as a consequence of the reduction in the Vickers hardness values. Similar to the elastic modulus, yield strength values begin to degrade with the increase of the Lu addition in the Y123 system. This is attributed to the enhancement of the weaklinks between the superconducting grains in the material. As for the fracture toughness being important parameter for the industrial applications of the material, the similar trend (decrease with the Lu individuals) is observed. Figure 1 shows the applied load dependent microhardness values. It is visible from the figure that the microhardness values belonging to the pure sample increase with the applied load whereas those of the Lu-doped samples decrease with the load. The curves of the hardness values reach to the plateau region at about 1 N for all the samples studied, meaning that there exists the important change on the microhardness values beyond the certain load value of 1 N. All the results obtained show the presence of the relationship between the applied load and microhardness of the solids. This relationship in the literature is known as Indentation Size Effect (ISE) nature, explaining that the hardness values decrease with the applied loads [25] . In contrast, the microhardness values sometimes increase with the enhancement of the applied load and this behavior is called as Reverse Indentation Size Effect (RISE). ISE behavior appearing in the material can be elucidated by means of the elastic-plastic deformation effect and friction of the indenter. On the other hand, RISE behavior is due to the specimen cracking/porosity and disorder, impurity phases and irregular grain orientation distribution. Thereby, the ISE and RISE behavior can be explained by 5 models given below.
Analysis according to Meyer's law
This approach is the simplest model to describe the Vickers microhardness of a material exhibiting the ISE behavior and the relationship between the applied load (F) and the indentation size (d) can be explained by means the following equation:
where power n being evaluated as a measurement of the ISE behavior shows Meyer number and A 1 denotes the standard hardness constants. When the power n value is higher than 2, the material studied obeys the RISE behaviour. In contrast, if the Meyer number is less than 2, the material exhibits the ISE feature. Additionally, it is well known that Kick's law is valid when the Meyer number is equal to 2, meaning that the hardness is independent upon the applied load [26] [27] [28] [29] . Figure 2 illustrates the plots of lnF versus lnd for all the samples prepared. The slope of the ln F-ln d graph gives the value of n when the vertical intercept of the graph signifies A 1 value. The n and A 1 values obtained from the curves are summarized in Table 2 . It is visible from the table that the n value is found to be greater than 2 for the Lu0.0 sample whereas the n value is observed to be less than 2 for the Lu-doped samples. This may be attributed to the fact that the loaddependent microhardness of the former sample obeys the RISE behavior (linear microhardness) while the microhardness of the latter samples decreases with the enhancement of the applied load (non-linear microhardness) [30] .
Analysis according to PSR model
Proportional specimen resistance (PSR) approach is an alternative model to analyze the ISE behavior of a material. In this model, the ISE can be described by the following relation:
where a displays the surface energy stemming from the energy dispersion of the surface cracks. b parameter being independent upon the applied load is used to calculate the load independent microhardness. The values of a and b are determined from the F/d versus d graph as shown in Fig. 3 . The results obtained are listed in Table 3 . As seen from the table, the value of a is positive for the Lu0.1, Lu0.3, Lu0.5 and Lu0.7 samples showing the ISE behavior whereas it is negative for the virgin sample exhibiting RISE behavior, verifying that both the elastic and plastic deformations are produced in the Lu-doped samples [31] [32] [33] . In other words, there is no elastic (reversible) deformation for sample obeying RISE behavior. Furthermore, the load independent microhardness value can be computed from the PSR model by the way of the following equation:
Here, the load-independent H PSR values are computed for each b parameter obtained. With the aid of Eqs. 4-6, we determine the load-independent Young's (elastic) modulus, yield strength and fracture toughness values and list in Table 4 . According to the table, the H 0 , E 0 and Y 0 values decrease with the increment in the Lu inclusions in the Y123 matrix. The Vickers microhardness values of the pure material exhibiting the RISE behavior are found to greater than those of the Lu-doped samples presenting the ISE feature due to the lack of the elastic recovery [34] [35] [36] . In other words, the plastic as well as the elastic deformation is produced in the materials obeying the ISE behavior. It means that after the indenter is removed there is a relaxation on the specimen surface, leading to a decrement in the sample microhardness. The reduction of the elastic modulus, yield strength and fracture toughness along with the Vickers hardness is even an expectance result. Besides, as well known, the fracture toughness (K IC ) plays an important role in the industrial applications. With the increase of the Lu concentration in the Y123 system, the K IC value tends to decrease significantly due to the reduction of the surface energy a. Thus, it can be concluded that the Lu addition damages the mechanical properties of the Y123 superconducting system.
Analysis according to elastic/plastic deformation (EPD) model
Elastic/plastic deformation model is another useful approach to describe the superconducting materials exhibiting the ISE behavior. In the model the dependence of indentation size on the applied load is determined by the equation [37, 38] :
where A 2 gives the load independent hardness constant, and d e (elastic deformation) is related to the d p (plastic deformation). The values of d e and A 3 are calculated by the variation of the square root of applied load (F 1/2 ) with the indentation size (d) as depicted in Fig. 4 . Besides, the load independent microhardness value is computed by the use of the following relation.
All the values obtained are listed in Table 5 . It is visible from the table that the value of d e is found to be negative for the pure sample, meaning that there is not any clue on the elastic deformation in the material. The elastic recovery is observed for the Lu-doped bulk Y123 superconductors exhibiting the ISE behavior, confirming that both the 
Analysis using Hays-Kendall approach
Observation of the ISE behavior in the microhardness tests performed by Hays-Kendall in 1973 for many different materials indicates that only elastic deformation appears below a certain limit of the applied load above which the plastic deformation begins to occur suddenly in the material studied [16] . In other words, the indenter can penetrate into the material beyond a certain load value named as the critical value of applied load [39] . Thus, the indentation size starts to increase after the critical applied load value of the material, and is proportional to an effective load F eff = F -W HK instead of the applied load (Eq. 10).
where A 1HK denotes the hardness constant independent of the applied load. The values of W HK and A 1HK are obtained from F to d 2 graph for all the samples prepared. Furthermore, the load independent microhardness (H HK ) can be expressed using:
Hence, the slope of the plots given in Fig. 5 provides A 1HK value directly when the vertical intercept of the graph gives W HK value. The H HK value is calculated with the aid of Eq. 11. Table 6 tabulates the determined values of load independent microhardness H HK , W HK and A 1HK for all the samples. As seen from the table the value of W HK is positive for the Lu-doped samples exhibiting the ISE behavior whereas the pure sample obeying the RISE feature obtains the negative value of W HK . It may be attributed to the fact that the positive value is sufficient to produce the elastic (reversible) deformation as well as the plastic (irreversible) deformation in the materials. On the other hand, the negative value is due to dominant characterization of the plastic deformation in the system [40] . It is another important result obtained from Fig. 5 that the microhardness values determined with regard to HK model provide closer results to the ones in the plateau region as compared to the results obtained from the other models. In the literature, the microhardness studies on various materials showed that the load independent microhardness values should be close to those at the plateau region [41] [42] [43] . Hence, it can be concluded that Hays-Kendall approach is the most suitable model for both the calculation of microhardness and determination of the mechanical properties of the superconducting samples (Lu0.1, Lu0.3, Lu0.5 and Lu0.7) exhibiting the ISE behavior. However, for the undoped sample obtaining RISE nature, the models used above are not successful enough to describe the microhardness values close to those of the plateau region. Thus, Indentation-Induced Cracking (IIC) Model, except for these models, will be used to analyze the mechanical properties of the pure sample with the RISE behavior.
Analysis using indentation-induced cracking (IIC) model
The Indentation-Induced Cracking (IIC) model is used for the microhardness analysis of the materials exhibiting RISE behavior [44] . According to the model, at the maximum depth the applied load is balanced by the total sample [44] . The load independent microhardness value (H IIC ) can be computed using the following equation:
where k 1 , K 1 and K 2 are constants. The constant K 1 value changes with the indenter geometry and K 2 depends on the applied load. For a perfect plastic material
For Eq. 12, the indentation diagonal size is supposed to be d = 7 h due to the angle of 148°between the opposite sides of the indenter and h denotes the depth of the indentation. The second part of Eq. 12 is used for brittle materials such as the Lu-doped bulk Y123 superconductors. Hence, Eq. 12 can be rewritten as following formula:
where K and m denote load independent constants, respectively. The variation of microhardness value ln(H v ) with ln(F 5/3 /d 3 ) for all the samples is given in Fig. 6 . The extracted values of K and m are illustrated in Table 7 . The m values can be used to describe the type of ISE behaviour for m [ 0.6 whereas m \ 0.6 points out the RISE behaviour [41, 45] . One can see from Table 7 , the power m value is obtained to be about 0.85, 0.95, 0.99 and 0.98 for the Lu0.1, Lu0.3, Lu0.5 and Lu0.7 samples, respectively whereas the value of m is found to be about 0.44 for the Lu0.0 sample, meaning that the Lu-doped samples exhibit the ISE feature while the pure sample obeys the RISE behavior. In other words, the Lu inclusions in the Y123 matrix damage the RISE behaviour and favor the ISE performance of the bulk superconducting samples.
To sum up, the IIC model gives the most correct hardness results for the pure material exhibiting the RISE behavior due to the lack of the elastic deformation in the material whereas HK approach is found to be the best model to explain the microhardness values of the Lu-doped samples exhibiting the ISE behavior due to the degradation in the mechanical properties. These results are clearly summarized in Table 8 .
Conclusion
In this study, the effect of Lu inclusions on the mechanical properties of the YBa 2 Lu x Cu 3 O 7-d superconducting samples prepared by the liquid ammonium nitrate and derivatives with x = 0, 0.1, 0.3, 0.5 and 0.7 is researched by means of the microhardness measurements. The experimental results are used to determine the Vickers microhardness, Young's modulus, yield strength and fracture toughness values, being account for the potential industrial applications of the superconducting materials. It is observed that the all the values estimated above degrade with the Lu addition in the system as a consequence of the decrement in the connectivity between superconducting grains. Moreover, the pure sample exhibits the RISE behavior being explained by the linear variable of microhardness while the others obey the ISE feature being described by the non-linear changeable in the microhardness. Additionally, the Vickers microhardness results allow us to derive the mechanical properties of the undoped and Lu-doped Y123 superconducting samples using the Meyer's law, proportional sample resistance, Elastic-Plastic deformation, Hays-Kendall and Indentation-Induced Cracking model. Based on the results obtained from the theoretical calculations, Hays-Kendall approach produces successful results for the pure sample exhibiting the ISE behavior whereas the IIC model successfully explains RISE nature for the other samples, presenting the degradation in the mechanical properties with the Lu individuals in the Y123 system. Further, the most striking feature of the paper is the fact that both the elastic and plastic deformations are observed in the pure sample while the plastic deformation becomes more and more dominant compared to the elastic deformation in the Ludoped superconductors.
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